Abstract-In this letter, interferometric sensors based on antiresonance reflecting optical waveguide (ARROW) fibers were developed, and used to sense strain and temperature. Two types of solidcore ARROW fibers were considered and signal demodulation was achieved by using the white light interferometric technique. The ARROW fibers have two rings of high index rods arranged in a hexagonal structure with a lattice constant of 6 m. The different sizes of the rods cause different measurand sensitivities for the two fibers. Resolutions of 1.1 and 0.07 C were achieved for strain and temperature, respectively.
I. INTRODUCTION

M
ICROSTRUCTURED optical fibers (MOFs) have a core, generally with a pure material, while the cladding is composed of a 2-D lattice arranged in a symmetric pattern. There has been considerable interest on the sensing capabilities of these fibers [1] - [8] . Several types of MOF-based sensors, such as those based on suspended core fibers [1] , index-guiding fibers [2] , or photonic band gap fibers [3] have been reported. The geometry of some of these fibers can be designed to yield extremely large evanescent fields [1] . On basis of this, the detection of gases that diffused into the holes of MOF has been experimentally demonstrated [2] - [4] . On the other hand, the measurement of some other physical parameters have also been reported, for example, bend and shape [5] , strain and temperature [6] , as well as hydrostatic pressure [7] .
One particular class of MOFs is the antiresonance reflecting optical waveguide (ARROW) fibers, in which the cladding is composed of high index inclusions compared to the core material [9] . The guiding mechanism of ARROW fibers is similar to the simpler ARROW waveguides [10] , in which the light is confined in the lower index core by antiresonant reflection of the high index layer. In ARROW fibers, resonant wavelengths corresponding to transmission minima can be written as [11] follows:
where , , , and are the resonance number , the refractive index of the cladding material, the refractive index of the high-index rods, and the diameter of these rods, respectively. At these minima transmission wavelengths, the light couples strongly to the cutoff modes of the high index inclusion, and therefore, leaks out of the core [12] . In the antiresonant wavelength region, light propagates inside the core by antiresonant reflection from high-index rods. This simple analytical formula has been used to characterize some properties of these fibers and consider their application potential. For instance, a tunable filter has been designed by considering the dependency with temperature of the transmission minima wavelengths [13] .
ARROW fibers are usually fabricated by filling the air holes of index-guiding photonic crystal fibers with high-index material, such as liquid crystal [14] , [15] or high-index Cargille liquid [8] , [9] . Another fabrication technique relies on using two different glasses, an approach mentioned as all-solid ARROW fibers [16] , [17] .
The sensing capabilities of ARROW fibers have been addressed in some literatures [8] , [14] . Filling the air holes of index-guiding fiber with temperature or electric-field-changeable refractive index material, and observing the variation of the transmitted spectrum can be the basis for applications as filtering devices [13] or analyte sensing elements [8] . This concept was also applied to demonstrate the active control of the bandgap spectral position of photonic crystal fibers [15] .
In this letter, the sensing properties of two types of solid ARROW fibers for strain and temperature measurement have been investigated. Interferometric sensors were developed and their interrogation performed using coherence addressing and pseudoheterodyne processing. 
II. EXPERIMENTAL SETUP AND RESULTS
The cladding and the high-index rods materials of ARROW fiber are of borosilicate and germanate glasses, respectively. The fibers have a hexagonal structure with a lattice constant of 6 m. The only difference between the two types of ARROW fibers used is the rods diameter. The diameters of smaller (type 1) and bigger rods (type 2) are 2 and 3 m, respectively. Rods of the germanate glass were first drawn into cane and then sleeved into the borosilicate cladding tube, which had been fabricated with the periodic arrangement of holes necessary for each ARROW fiber design. The borosilicate-germanate glass preforms were drawn at Clemson University at approximately 1000 C. The refractive index of the glass and the germanate rods are 1.46 and 1.71, respectively. Theoretical effective refractive indexes (real and imaginary parts) of both fibers can be obtained using the boundary integral method [18] .
The ARROW fiber sensing head consists of a length of an ARROW fiber connected at both ends to a single-mode fiber (SMF-28) by using a conventional fusion splice machine (Fujikura FSM-60S). As aforementioned, the ARROW fiber was made from a borosilicate glass and the softening temperature of this material is much lower than that of fused silica. Therefore, in order to have reasonable loss, the splicing procedure has been performed in the manual mode at the optimum parameters determined through a series of experiments. In particular, it was found that the best values for the electric arc intensity and duration were 100 bit and 300 ms, respectively. Meanwhile, the arc position should be in the single-mode fiber position, some distance away from the ARROW fiber. With this strategy, the splice loss was typically 6 dB. From the perception acquired, this loss can be reduced by following two paths. One, more practical,istouseasplicingmachinethatallowslowersplicingarc intensities; another, more fundamental, is to enhance the overlap of the guided mode in the SMF-28 fiber with the fundamental mode of the ARROW fiber, which can be done by fabricating this fiber with tuned dimensions of the cross-section structures. The lengths of two ARROW fibers used in all experiments were 10 mm. The broadband light, after propagation along the input SMF-28, will excite the fundamental (and also higher order modes) of the ARROW fiber. At the end of this fiber length, optical power from the ARROW modes will couple to the fundamental mode of the output SMF-28, originating an interferometric channeled spectrum pattern. Therefore, this optical configuration is a modal fiber interferometer in a Mach-Zehnder topology. In order to characterize the strain and temperature sensitivities of the sensing heads, white light interferometry has been used. Fig. 1 schematically shows the setup implemented. The light source used was a superluminescent Er-doped fiber amplified spontaneous emission (ASE) source with power, central wavelength, and full-width at half-maximum (FWHM) of 1.8 mW, and 1550 and 60 nm, respectively. In order to measure the sensing head phase changes, a second interferometer was built to implement coherence analysis. This interferometer is a conventional fiber Michelson interferometer with an open air path in one of its arms, which is adjustable to match the optical path difference of the sensing interferometer. The fiber in the other arm of the interferometer is wrapped around a ring-shaped piezoelectric transducer that is modulated with an electrical sawtooth waveform, with amplitude adjusted to obtain a signal at the photodetection suitable for pseudoheterodyne processing. After adequate electronic filtering, this signal has the form of an electric carrier (90 Hz), with a phase that mirrors the optical phase of the tandem interferometric system. This pseudoheterodyne processing technique is known to provide sensitive interferometric phase reading [19] . Fig. 2 shows the channeled spectra obtained for the sensing heads associated with the two ARROW fiber types. They were subjected to variations of strain and temperature. The corresponding phase changes are shown in Fig. 3 . The experimental data were fitted to linear functions, resulting into the sensitivity coefficients shown in Table I . These results show a higher strain and temperature coefficients for the type-2 ARROW fiber. This means that the amount of rod material is important in setting the fiber sensitivity to these measurands. In particular, for the case of strain, it can be concluded that the fractional increase of inclusion area in the fiber cross section originates a decrease in the Young's modulus of the structure. In order to evaluate the measurand resolutions achievable with these sensing heads, the sensor output was registered during a measurand step change, as shown in Fig. 4 . From the phase rms fluctuations during the periods of constant measurand values and the phase step change induced by a corresponding measurand step, it is possible to obtain the resolutions values, which are shown in Table I .
III. CONCLUSION
In this letter, interferometric sensors based on ARROW fibers were investigated. Two types of solid core ARROW fibers were considered (one with smaller germanate rods and the other with bigger rods in the same geometrical layout). The white light interferometric technique was used to recover the sensor interferometric phase. These structures were characterized for strain and temperature measurement. It was observed that the fiber with bigger rods allows better measurand resolutions ( 1.1 and 0.07 C for strain and temperature, respectively).
